Abstract-A dual open ended coaxial sensor system to determine complex permittivity was studied in detail. This paper focuses on determination of a reflection coefficient phase from two magnitudes using modified capacitance model from 300 kHz to 8 GHz. The phase information can then be used for calculation of the sample's complex permittivity. Factors such as range and limitation of the model, sample's permittivity, operating frequency, and size of sensor were investigated. Sensitivity of calculated phase with respect to small changes in measured magnitude was carried out.
I. INTRODUCTION
A COMPLETE reflection coefficient consists of magnitude and phase. The phase information is crucial and particular so for accurate measurement of complex permittivity at high frequencies. For instance, phase characteristics were used to study properties of wave propagation which leads to characterization of material electrical properties [1] . However, at high frequency principle and operation of phase measurement were somehow complex and required expensive circuitry [2] .
Traditional instrument used to measure complex reflection coefficient is now superseded by modern vector network analyzer (VNA) due to its accuracy, versatility and convenience [3] . Many efforts were carried out to find a low cost alternative for determination of phase information [4] - [6] . The Six Port Reflectometer (SPR) was suggested as an alternative to VNA [4] in measuring complex microwave reflection coefficient. Most of the typical SPR required at least four magnitude measurements for the calculation of phase information. A modified PC-based SPR [6] [7] demonstrated that a dual open ended coaxial sensor system was able to determine complex permittivity of a sample under test using two magnitude measurements. This simple and low cost measurement method is attractive and has great potentials. The suggested model [7] emphasize on complex permittivity measurement which the accuracy depended solely on the calculated phase. No thorough analysis was conducted to study the model's potential and limitation even though the phase information is more important and has many valuable applications. Hence, a comprehensive study of the dual open ended coaxial sensor system focusing on the detail of phase determination from two magnitudes is highly desirable. In this paper, factors such as range and limitation of the model, sample's permittivity, operating frequency and size of the sensor are investigated. Finally, sensitivity of calculated phase with respect to small changes in measured magnitudes was carried out.
II. MODIFIED CAPACITANCE MODEL FOR DUAL OPEN ENDED COAXIAL SENSORS SYSTEM
The real and imaginary parts of the complex reflection coefficient of a sample under test can be expressed from magnitudes as [7] :
This lead to calculation of phase with
Z 0 is the characteristic impedance, C 0 is the capacitance of the capacitor filled with air and ω is the operation angular frequency. The capacitance C 0 = 1.953ε 0 (b − a), where b and a is outer and inner radii of the open ended coaxial sensor, respectively.
From the modified capacitance model [7] , the apparent dielectric constant ε app and apparent loss factor ε app are (3) and (4) as shown at bottom of the next page, and
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Since (2) is the basic building block to calculate the missing phase information, therefore it is important to study the sensitivity of phase with respect to various parameters of the dual open ended coaxial sensors system such as measured reflection coefficient magnitude | |, apparent permittivity |ε app |, operating frequency f , and radius of the sensor b. Hence, the sensitivity can be expressed as:
S φ is sensitivity of phase with respect to reflection coefficient magnitude, S φ ε app is sensitivity of phase with respect to apparent permittivity, S φ f is sensitivity of phase with respect to operating frequency, and S φ b is sensitivity of phase with respect to sensor's radius. The uncertainty in the calculated phase can be estimated using (6) . It is clear that the uncertainty of the apparent permittivity is related to the measured reflection coefficient as can be seen from (3) and (4) . On the other hand, the uncertainty in operating frequency and radius of the sensor are small relative to the uncertainty in the measured reflection coefficient in most practical cases. Therefore both can be neglected. This lead to the sensitivity of calculated phase being determined by changes in measured reflection coefficient magnitude as
III. EXPERIMENTAL SYSTEM Three sensors with different inner and outer conductor radii were fabricated from commercially available semi-rigid coaxial cable RG402, RG405 and panel stub as shown in To validate the dual open ended coaxial model and investigate the sensitivity of the system, liquids with known dielectric property (water, methanol and ethanol) are measured using three set of sensors combination as shown in Table 1 .
The measurement was conducted using a Rohde-Schwarz ZVA8 Vector Network analyzer (VNA). The VNA was connected to each sensor with 50 ohm low loss coaxial cable as shown in Fig. 2 . The open ended coaxial sensor was immersed into the test liquid. Measurements were made over the frequency range 300 kHz to 8 GHz. All measurements were conducted at ambient temperature of 25°C. Since only the magnitude of reflection coefficient is required, calibration at plane end of sensor is not necessary. Instead, calibration at the SMA connector plane is sufficient. All reflection coefficient magnitudes were normalized with respect to the unloaded sensor (i.e., without sample).
In a dual open ended coaxial sensor system, the reflection coefficient magnitudes | 1 | and | 2 | in (3) and (4) can be measured separately or simultaneously in a system. If both are measured simultaneously within a system, the minimum separation distance between the two sensors must be more than half wavelength of operating frequency to avoid any coupling effect. In this work, the reflection coefficient magnitude of samples was measured separately to produce three combinations as listed in Table 1 . The phase of samples was then calculated from the respective measured magnitudes using (2) in conjunction with (3) to (5) .
For comparison purposes, a set of refection coefficient phases was measured using the VNA. The VNA was calibrated using standard one-port OSL reflection calibration. Port extension technique was applied to extend the calibration plane to the reference plane as [8] , [9] .
IV. RESULTS AND DISCUSSIONS
The measured magnitudes of various liquids with three types of sensor are as illustrated in Figs. 3 to 5. All reflection coefficient magnitudes decrease with the increasing operating frequency. Generally, lower permittivity sample-under-test produces lower reflection coefficient magnitude. At frequency less than 0.5 GHz, all sensors have almost the same reflection coefficient magnitudes that are close to one.
The values in Figs. 3 to 5 were used to calculate (1a) and (1b) to obtain real part and imaginary part of (2) apparent permittivity in (3) to (5) . Afterward, sensor RG405 was used to calculate the real part and imaginary part in (1a) and (1b) respectively. The similar meaning applies for the respective set of sensors in this paper. Equation (1a) (real part) is closely related to measure reflection coefficient magnitude, size of sensor, operating frequency and sample's loss factor; while it is independent of sample's dielectric constant. On the other hand, equation (1b) (imaginary part) is a function of measured reflection coefficient magnitude, size of sensor, operating frequency and sample's dielectric constant. The imaginary part increases with increasing frequency as illustrated in Figs. 6 to 8 . The values of real and imaginary parts were used to calculate the phase information from (2). Extremely low value in real part will produce high fluctuation in calculated phase. From Figs. 6 to 8, it can be seen that the real parts are low for frequency below 2 GHz in all measurements. Large error in phase calculation is expected in this frequency range.
The calculated reflection coefficient phases from the respective measurements are shown in Figs. 9 to 11. For comparison, the VNA measured phase values are as shown in solid line in the figures. From Figs. 9 to 11, the calculated phase increases with the increasing sample permittivity, operating frequency and outer radius of sensor. Overall, the experimental results from dual open ended coaxial sensor system agreed well with the calculated phases especially for higher permittivity sample and higher operating frequency. The outer radius doesn't have significant effect on the calculated phase. Below 2 GHz, large error occurred. This is expected due to the limitation of the model as the real part was close to zero.
The relative errors of the calculated phases are shown in Figs. 12 to 14. The phase error increases with decreasing sample permittivity. For high permittivity sample such as water, the phase value was large. This leads to smaller relative errors. For lower permittivity sample, it was seen that larger outer radius sensor was better in reducing the measurement error. This was because larger outer radius sensor will produce larger value of phase. Figs. 12 to 14 also show another important fact that larger differences between the outer radius of the two sensors lead to higher error. This was because in dual open ended coaxial system, the measurement error of two sensors were canceled each other. Hence, smaller outer radius differences had greater error elimination.
For more detail of radius effect, the experimental data was used to calculate the sensitivity of dual open ended coaxial sensor system using (7) . Calculated values were used φ and | |, and differences between calculated and VNA measured values were used for φ and . The calculated sensitivities are as shown in Figs. 15 to 17 . From the sensitivity analysis, it can be seen that lower permittivity and smaller outer radius sensor lead to higher sensitivity and uncertainty in a measurement. In contrast, smaller outer radius difference between two sensors will reduce the sensitivity and uncertainty. In fact, the outer radius of sensor is more crucial than the radius difference between two sensors.
As the dual open ended coaxial sensor was proposed as an alternative of SPR [6] , two critical samples were compared to study the performance between them. The phases for sensor RG402 measured at 2 GHz for water and ethanol are listed in Table II . Good agreements between all methods were obtained for water that consists of high permittivity value. The phase was inaccurate when measuring ethanol that with low permittivity value. Error was obvious for Set A of open ended coaxial sensor that with large outer radius differences. The dual open ended coaxial sensor had shown convincing accuracy for high permittivity sample. In contrast, it was not suitable for low permittivity sample that with low phase value. Further improvement shall be carried out for low phase measurement.
V. CONCLUSION
It can be concluded that smaller outer radius difference between two sensors and larger outer radius lead to smaller errors especially for lower permittivity measurement. For high permittivity measurement, the error was relatively small for any sensor compared to error produced by measurement devices. Beside, the accuracy of the calculated phase improves with the increasing frequency and phase value. The dual open ended coaxial sensor system shows accurate measurement results for sample above 2 GHz with phase more than 0.5 radians. The proposed method provides an attractive alternative for high frequency complex permittivity measurement because of simple measurement device. One can use power meter or diode detector to replace the VNA in the proposed method for low cost alternative. Furthermore, the measurement of two open ended coaxial sensors can be done separately which only required one detector.
